Abstract India is very important but relatively unexplored region in terms of carbon studies, where significant environmental changes have occurred in the 20th century that can alter terrestrial net primary productivity (NPP). Here, we used a process-based, Dynamic Land Ecosystem Model (DLEM), driven by land cover and land use change (LCLUC), climate change, elevated atmospheric CO 2 concentration, atmospheric nitrogen deposition (NDEP), and tropospheric ozone (O 3 ) pollution to estimate terrestrial NPP in India during 1901-2010. Over the country, terrestrial NPP showed significant interannual variations ranging 1.2 Pg C year −1 to 1.7 Pg C year −1 during the 1901-2010.
Introduction
Net primary productivity (NPP) is defined as the rate at which terrestrial plants capture atmospheric carbon dioxide (CO 2 ) in plant biomass per unit time and space. At global scale, NPP plays an important role in regulating the atmospheric CO 2 concentration (Keeling et al. 1996; Nemani et al. 2003) while also acts as an essential measure of crop yield and forest production (Lobell et al. 2012) . Therefore, terrestrial NPP has been monitored and simulated at various spatial scales in major ecosystems across the globe (Scurlock et al. 1999; Lu et al. 2012; Pan et al. 2015) .
Terrestrial NPP in India, home to 1.2 billion people, has been estimated from 0.4 Pg C to 4.6 Pg C year −1 by different inventory, modeling, and remote sensing methods (Hooda et al. 2003; Hingane 1991; Chhabra and Dadhwal 2004; Panigrahy et al. 2004; Nayak et al. 2013 ).
In the last 110 years, forest area has decreased from 90 to 63 million ha and croplands have increased from 92 to 140 million ha , which could change the spatial and temporal patterns of terrestrial NPP in India. Various studies have shown that nitrogen fertilizer use and irrigation over the country have increased crop productivity (DES 2010) . In addition to cropland management, urbanization and industrial growth after the 1950s have resulted in degradation of air quality with higher atmospheric nitrogen deposition (NDEP) and tropospheric ozone (O 3 ) pollution (Dentener et al. 2006; Ghude et al. 2014) . Tropospheric O 3 influences stomatal conductance and photosynthesis processes, thereby impacting plant growth (Tjoelker et al. 1995; Booker et al. 2009 ). Using surface level measurements from Pune, India, Beig et al. (2008) have recently calculated the accumulated O 3 concentration over a threshold 40 ppb (AOT40) and have shown that O 3 concentration have surpassed the threshold levels that can inhibit vegetation and forest carbon uptake. In contrast, NDEP is a nitrogen source and therefore can stimulate plant growth. Several studies have determined the long-term trends in terrestrial NPP in response to multiple environmental factors in India. For example, Nayak et al. (2013) reported that terrestrial NPP over the country increased linearly from 1.36 Pg C year −1 to 1.47 Pg C year ) during 1983-1999, due to higher increase croplands while NPP in the forested regions remained unchanged. In another study, Bala et al. (2013) reported that NPP has increased from 0.83 Pg C year −1 to 1.42 Pg C year −1 and was driven mainly by elevated atmospheric CO 2 concentration in different ecosystems. These studies have indicated an increase in terrestrial NPP; however did not quantify the effect of individual factor on changes in terrestrial NPP for a long time period. A better understanding of different environmental factors affecting terrestrial NPP will improve our ability to predict future terrestrial carbon flux which can be important tools for designing regional scale climate change mitigation strategies. In India, croplands form the largest land use ) and therefore alteration in terrestrial NPP would be associated with food security in the nation.
In this study, we used a process based Dynamic Land Ecosystem Model (DLEM, Tian et al. 2010 ) to quantify the contribution of different environmental factors to determine the spatial and temporal pattern of terrestrial NPP in India during 1901-2010. Specific objectives of this research were to estimate the magnitude and trends in terrestrial NPP over the country and to quantify the relative contributions of atmospheric CO 2 concentration, climate changes/ variability, LCLUC, atmospheric nitrogen deposition (NDEP), and tropospheric O 3 on terrestrial NPP during 1901-2010.
Methods

Study area
India is located between 8-38°latitudes and 66-100°longitudes, covering a geographical area of approximately 328 million ha. The monsoon has significant influence on climate that accounts for approximately 80 % annual rainfall in the country. In the recent decades, the economic growth and industrialization coupled with population rise has resulted in the LCLUC, NDEP, and tropospheric O 3 pollution which may alter terrestrial NPP over the country.
Dynamic land ecosystem model (DLEM)
The DLEM (Tian et al. 2010 ) is a highly integrated, process-based model that simulates daily carbon, water, and nitrogen as affected by multiple environmental factors including climate, atmospheric compositions (concentrations of CO 2 , tropospheric O 3 ), NDEP, and LCLUC (which includes land conversions, nitrogen fertilizer, and irrigation management). In brief, the DLEM includes five core components including biophysics, plant physiology, soil biogeochemistry, dynamic vegetation, and LCLUC. The biophysical component includes the instantaneous exchanges of energy, water, and momentum between plants and the atmosphere. The plant physiology component in the DLEM simulates major physiological processes such as photosynthesis, respiration, carbohydrate allocation among various organs (root, stem and leaf), nitrogen uptake, transpiration, phenology, etc. The soil biogeochemistry simulates processes such as mineralization, nitrification/denitrification, decomposition, and fermentation. In the DLEM, NPP is defined as the difference between gross primary production (GPP) and autotrophic respiration (R A ).
We used a modified Farquar's model (Farquhar et al. 1980) 
), which is calculated by scaling leaf assimilation rates (μmol CO 2 m −2 s −1 ) up to the whole canopy.
The canopy is divided into sunlit and shaded layers.
where GPPa is actual GPP derived from potential GPP (GPPo) under optimized conditions (GPPo) adjusted by environmental factor scalars that directly or indirectly influence carbon assimilation and allocation, including photosynthetically active radiation f(PAR), climate variability/change including temperature f(T) and precipitation f(P), atmospheric CO 2 f(CO 2 ), tropospheric O 3 f(O 3 ), nitrogen availability f(N) related to nitrogen deposition and nitrogen fertilizer application, and vegetation types f(VegT) controlled by land cover and land use change. In the DLEM 2.0, a part of GPP is lost as plant respiration (R A ) including the respirations of growth (Rg) and maintenance (Rm). In the DLEM, growth respiration is the energy cost of constructing organic compounds and is assumed to be 25 % of GPP (Ryan 1991; Thornley and Cannell 2000) . Maintenance respiration is a metabolic photosynthateconsuming process for maintaining existing biomass and is related to nitrogen content, temperature, and growing season (Ryan 1991) . More detailed information on the model representation of mechanisms can be obtained from previous publications Tian et al. 2010 Tian et al. , 2011 Pan et al. 2014 ).
Input datasets
The DLEM needs five types of data sets including: (1) daily climate condition including average, maximum, and minimum temperature, precipitation, shortwave solar radiation, and relative humidity; (2) LCLUC datasets including river network; (3) topography and soil properties (including elevation, slope and aspect; pH, bulk density, and soil texture represented as the percentage content of sand, silt, and clay); (4) atmospheric chemistry (e. g., tropospheric O 3 , atmospheric CO 2 concentration, and NDEP) and (5) cropland management practices (nitrogen fertilizer usage, irrigation).
To generate annual LCLUC datasets at 5-arc minute grid resolution (approximately 8 km by 8 km), we incorporated high-resolution remote sensing datasets from Resourcesat-1 with historical archives at district and state levels in India . The results showed that total forest cover was 90 million ha in 1901 and decreased to approximately 63 million ha in 2010 . The deforestation was greater in the central-east parts of the country while only few changes in total forest area occurred in the north-eastern parts during 1901-2010. In contrast to forests, total agricultural area has increased from 92 million ha to 140.1 million ha during 1901-2010. We focused on ten major crops that are representative of both dry farmland and rice fields or C 3 and C 4 plants, including: rice, wheat, cotton, millets, groundnut, sorghum, soybean, rapeseed, corn, and sugarcane. We used single cropping systems, and double cropping systems (rice-wheat; millet-wheat; soybean-wheat; ricerapeseed; maize-wheat; cotton-wheat; rice-rice). The main crop categories in each grid were identified based on the global crop geographic distribution map available at 5-arc minute resolution (Leff et al. 2004) , and were then modified according to the state level census data derived from Department of Economics and Statistics (DES 2010) . The nitrogen fertilizer datasets in the grid format were developed by using the fertilizer inventories available at the Department of Economics and Statistics, Government of India (DES 2010). The annual irrigation maps were developed by integrating remote sensing datasets with inventory datasets at district and state levels from the Ministry of Water Resources (http://wrmin.nic.in/) during 1901-2010. Information on the topography (elevation, slope, and aspect) was generated at 5-arc minute resolution .
The climate data were obtained from Climate Research Unit, National Centers for Environmental Prediction (CRUNCEP) at 0.5×0.5 degree resolution and were statistically downscaled from to 5-arc minute resolution using linear interpolations. Annual precipitation showed significant inter-annual variations; however no significant trend was observed. On the other hand, annual temperature showed an increasing trend during the study period. The atmospheric CO 2 concentration data in the grid format was derived from the Carbon Dioxide Information Analysis Center (CDIAC, http://cdiac.ornl.gov/). The atmospheric CO 2 concentration increased from 295 ppm in 1901 to 392 ppm in 2010. The information on AOT40 dataset and NDEP was obtained from global datasets (Felzer et al. 2005; Dentener et al. 2006) . The datasets were developed in different time steps. For example, climate and the AOT40 index data were organized at a daily time step, while the atmospheric CO 2 concentration, NDEP, and LCLUC data sets were developed at an annual time step.
Experimental design
The implementation of the DLEM simulation includes the following steps: 1) equilibrium run, 2) spin-up run and 3) transient run. The primary purpose of the equilibrium run is to achieve the equilibrium state when net carbon exchange for 50 consecutive years is<0.5 g C m −2 , the net water pool change is<1.0 mm and the net nitrogen change is<0.5 g N m −2
. At this step the model is driven by average climate conditions from 1901 to 1930 and LCLUC data in 1900. After that three 30 years spin-up runs, driven by random data sequence of de-trended climate during , are conducted to reduce the biases in the simulations. In the transient run, the environmental factors from 1901 to 2010 were used to drive the model.
To determine the magnitude and relative contribution of different environmental factors, a total of seven simulation experiments were designed (Table 1) . One overall simulation experiment (Multifactor) was set up to simulate the combined effect of seven environmental factors on terrestrial NPP over the country during 1901-2010. In addition, six experiments were set up to determine the relative contribution of individual environmental factor (climate, atmospheric CO 2 concentration, tropospheric O 3 pollution, NDEP, LCLUC, and nitrogen fertilizer) on terrestrial NPP during 1901-2010. In the multifactor experiments, all environmental factors were transient during 1901-2010. In the other experiments, one factor was kept constant (to the level of 1901) while others were transient. One exception was No-Climate experiment in which climate was the 30 years mean of (Table 1) .
Model evaluation and validation
The DLEM simulation results were validated against the independent site-level observations in croplands, forests, and grasslands. In addition, a validation process at the country scale was performed using results from previous meta-analysis (Bhattacharyya et al. 2000) . For the validations at site level, we have collected the NPP estimates from previous field scale 1901-2010 1901-2010 1901-2010 1901-2010 1901-2010 1901-2010 1901-2010 2 No-Climate 30 years average £ 1901 -2010 1901 -2010 1901 -2010 1901 -2010 1901 -2010 1901 -2010 3 No-CO 2 1901 -2010 1901 1901 -2010 1901 -2010 1901 -2010 1901 -2010 1901 -2010 4 No-O 3 1901 -2010 1901 -2010 1901 1901 -2010 1901 -2010 1901 -2010 1901 -2010 5 No-NDEP 1901 -2010 1901 -2010 1901 -2010 1901 1901 -2010 1901 -2010 1901 -2010 6 No-LCLUC 1901 -2010 1901 -2010 1901 -2010 1901 -2010 1901 1901 1901 7 No-Nfer 1901 -2010 1901 -2010 1901 -2010 1901 -2010 1901 -2010 1901 1901 -2010 published research papers in different biome types (Fig. S1 ). In croplands, crop yield was reported in the field scale studies, which were converted into NPP using harvest index values for individual crops. The harvest index values for different crops were obtained from previously published literature in India (Das et al. 2014; Tripathi 2010; Zaidi and Singh 2005 3 Results
Magnitude of net primary productivity
The DLEM simulations over the country showed significant inter-annual variations in terrestrial NPP ranging from 1.2 to 1.7 Pg C year −1 during 1901-2010 (Fig. 1) . Large spatial variations in terrestrial NPP existed ranging from negative values to 1380 g C m −2 with a mean value of 460-530 g C m −2 during 1901-2010 (Fig. 2) . In general, there was a positive gradient of terrestrial NPP from drier north-western to northern-eastern regions (Prasad et al. 2007 ). Among different land use types, NPP was highest in forests (179-969 g C m ; 25-38 %) during the study period. However, relatively lower amount of terrestrial NPP was contributed by grasslands (11-16 %) and shrublands (8.3-9.1 %) during the study period.
Temporal pattern of net primary productivity
For studying temporal pattern, we compared the decadal mean of terrestrial NPP over the country from the 1900s (mean of 1901-1910) ) over the 20th century and then leveled off or even had a slight decrease to 1.48 Pg C in the 2000s (Fig. 1a) . The increasing trend for terrestrial NPP was not linear during the study period. (Fig. 1a) .
Relative contribution of environmental factors
The DLEM simulation results have shown that relative contribution of different environmental factors on terrestrial NPP has varied significantly in India (Fig. 1b) . Among the factors studied, elevated atmospheric CO 2 concentration was the most important factor that increased total NPP over the country by 0.29 Pg C (approximately 96 g C m −2 ) during the study period. The response of atmospheric CO 2 concentration was lower in the first half of 20th century that increased in the later years due to higher increase in atmospheric CO 2 concentration as well interaction with other factors (e. g., nitrogen fertilizer usage and NDEP). Climate produced inter-annual variations since the precipitation anomaly was positively correlated (r=+0.38; P<0.001) with terrestrial NPP during 1901-2010. Based on variation in 30 years averaged precipitation , we divided years into four categories (>100 mm deficient, 1-100 mm deficient, 1-100 mm excess, and>100 mm excess precipitation). In general, terrestrial NPP was lower in drought years during the study period. On an average, decrease in terrestrial NPP was>0.112 Pg C year −1 when precipitation was>100 mm year −1 lower than the long term average values. Overall, climate has decreased terrestrial NPP by 0.11 Pg C year −1 during the study period. In this study, LCLUC was the combined effect of two factors including land conversions and cropland management. In the central-east regions, a slight decrease in terrestrial NPP was observed due to deforestation during (Fig. 2) . LCLUC increased terrestrial NPP by mean value of 0.043 Pg C year −1 during 1901-2010 (Fig. 1b) . Majority of the increase in terrestrial NPP due to LCLUC has occurred in croplands as a result of nitrogen fertilizers usage and improvements in the irrigation facilities. Overall, NDEP has stimulated terrestrial NPP by 0.044 Pg C year −1 and the effect of NDEP on terrestrial NPP was relatively higher in natural vegetation types indicating that natural vegetation in India is nitrogen limited. In the recent three decades, tropospheric O 3 pollution has become an important factor that decreased terrestrial NPP by 0.061 Pg C year −1
A Magnitude of NPP in different simulation scenarios B Contribution of different factors to changes in NPP
.
Discussion
In this study, the DLEM-simulated terrestrial NPP over the country ranged from 1.2 to 1.7 Pg C year −1 with strong inter-annual variations during 1901-2010 (Fig. 1a) . Overall, terrestrial NPP estimated in this study is within the range of inventory based estimates of 1.24-1.6 Pg C year −1 (Dadhwal and Nayak 1993; Hingane 1991) . ) for the same year. However, the DLEM-based NPP estimate is lower than the estimate using NOAA-AVHRR satellite data and the GLO-PEM model for 1981-2000 (Singh et al. 2011) . It is possible that GLO-PEM ignores the nitrogen limitation and therefore overestimates terrestrial NPP. Recently, Dan et al. (2007) showed that global and regional scale (China, USA, and Australia) terrestrial NPP estimated by the GLO-PEM was at least 50 % greater than the Moderate Resolution Imaging Spectroradiometer (MODIS), IGBP, and CASA estimates. However, our estimations were similar but slightly higher than the MODIS-based NPP estimates during 2001-2010. Usually, the MODIS products tend to underestimate NPP in highly productive sites such as irrigated croplands because of relatively low values for vegetation light use efficiency in the MODIS GPP algorithm (Turner et al. 2006) .
In this study, croplands contributed 25-38 % of terrestrial NPP over the country. However, the proportion of croplands to terrestrial NPP is lower than estimated by the CASA (56 %) and C-fix (53 %) models possibly due to higher cropland area (53 %) in their LCLUC datasets (Nayak et al. 2010; Banger et al. 2013 ). The differences of NPP at biome level among models could be due to different algorithms for treating LCLUC datasets. For example, some models can process only one plant functional type (PFT) in one grid cell while others adopt cohort structure containing more than one PFT per grid. Even for models with cohort-PFTs, their maximum PFT numbers in one grid cell may vary significantly.
Elevated atmospheric CO 2 concentration
Several field scale studies have shown that elevated CO 2 concentration (600 ppm) stimulated plant biomass in grasslands (from 2.0 g plant −1 to 2.87 g plant
), forests (Nataraja et al. 1998) , and croplands (Vanaja et al. 2011) . Using multivariate analysis, Bala et al. (2013) reported that elevated CO 2 concentration was the most important factor in increasing total NPP in India during . Results from Bala et al. (2013) were based on the correlation, which has not quantified the magnitude of increase in total NPP due to elevated CO 2 concentrations. In another study, Bala et al. (2011) used a terrestrial carbon model to simulate the effects of increased CO 2 levels (735 ppm) on terrestrial carbon uptake in India by the end of 21st century. Interestingly, they found that elevated CO 2 concentrations contributed to approximately 84 % increase in total NPP over the country by the year 2100 relative to 1975. Our DLEM simulations have shown that elevated atmospheric CO 2 concentration was the most important factor that increased NPP by 0.29 Tg C over the country during 1901-2010.
Climate change and variability
Our results agree with previous studies that strong inter-annual variations in total NPP were resulted from climate variation (Bala et al. 2013; Singh et al. 2011; Tian et al. 2000 Tian et al. , 2003 Tian et al. , 2010 . It has been demonstrated that in the El-Nino years, which are anomalously warm and dry globally, Amazon evergreen rainforest acts as C sources otherwise C sinks (Tian et al. 1998) .
In India, Panigrahy et al. (2004) ) indicating that climate could introduce strong inter-annual variations in NPP over the country. A drought year with>100 mm year −1 deficient annual precipitation decreased NPP by 0.12 Pg C year −1 over the country. Our analysis has suggested that spatial pattern of precipitation played a significant role in dictating terrestrial NPP over the country. Interestingly, precipitation anomaly was positively correlated (r=+0.38; P<0.001) with terrestrial NPP, suggesting that droughts can strongly decrease terrestrial NPP over the country. Using the DLEM simulations, Pan et al. (2015) reported that precipitation explained approximately 63 % of the variation in terrestrial NPP, while the rest was attributed to changes in temperature and other environmental factors at a global scale. However, we are unable to separately quantify the effect of temperature and precipitation on terrestrial NPP in this study. The concerns about temperature extremes on croplands has been raised by scientific community; Lobell et al. (2012) reported that extreme temperature at grain filling stages in wheat could cause serious decreases in grain number and weight. However, the effect of extreme climatic events at panicle stage is lacking in current framework of the DLEM. Overall, our results have demonstrated that climate variability can provide significant feedback to regional carbon cycle as well as food security in India.
Land cover and land use change
Similar to other studies, we found that land converted from low productive natural vegetation (C 3 grasslands and shrubs) to irrigated cropland could stimulate aboveground biomass production Davidson and Ackerman 1993) . In southern Idaho, US, Entry et al. (2002) reported that irrigated croplands under conservation tillage significantly increased plant biomass production over the native sagebrush ecosystem. This was evident from the fact that majority of the increase in total NPP due to LCLUC has occurred in the croplands for which nitrogen fertilizer application was the dominant factor after the 1950s. It has been reported in several field scale studies that nitrogen fertilizer application increased NPP in southern (Banger et al. 2010) , northern (Ghosh et al. 2012) , and north eastern parts of India (Mandal et al. 2007 ). Interestingly, the response of nitrogen fertilizer application started in the 1960s and increased linearly up to the 1980s then leveled off and decreased in the 2000s. This has indicated that croplands in India might have attained nitrogen saturation or the plant growth might have been limited by other environmental factors studied. This could be partially supported from the fact that NDEP has not significantly affected terrestrial NPP in cropland dominated Indo-Gangetic plains. It has been demonstrated that nitrogen enrichment increase carbon uptake but may increase nitrous oxide emissions , which may offset the benefits from increased carbon uptake.
Tropospheric ozone pollution
Tropospheric ozone (O 3 ) is currently considered to be the most important air pollutant affecting plant productivity in most parts of the world (Ollinger et al. 1997; Reich 1987; Mittal et al. 2007; Ren et al. 2011) , not only because of its phytotoxicity (Krupa et al. 2001 ) but also because its concentration has risen at a rate of 0.5-2 % per year during the past three decades (Vingarzan 2004) . A global photochemical model identified parts of Asia including the northern part of India as having the highest rate of increasing O 3 concentrations by 2030 using a business-asusual scenario (Dentener et al. 2005) . Recently, assessment of ground level data from different areas of Asia clearly showed that O 3 concentrations have already reached to the levels which can significantly reduce agricultural productivity across Asia (Mittal et al. 2007 ).
We estimated that elevated O 3 concentration has decreased the overall terrestrial NPP in India by 4.2 % (0.06 Pg C year Ghude et al. (2014) . In a meta-analysis based on database from 53 studies carried out between 1980 , Feng et al. (2008 reported that elevated O 3 (an average of 72 ppb) has decreased the grain yield by 29 % and above ground biomass by 18 % in modern wheat varieties (Feng et al. 2008) . In studies where elevated O 3 range was 31-59 ppb (average 43 ppb), grain yield (a measure of NPP) decreased by 18 % relative to the control treatment in wheat crop. For example, Ambasht and Agrawal (2003) reported that exposure of enhanced ozone (0.7 μmol mol −1 ) has decreased the spring wheat yield by 10 % (from 472 g m −2 in control to 431 g m −2 in elevated O 3 treatment) in India. This study has shown that O 3 pollution decrease terrestrial NPP not only in croplands but also in natural vegetation types in India. Our results warn scientific community and policy makers that elevated O 3 concentration has significantly affected NPP in croplands and therefore is a threat to food security in India.
Uncertainties
In this study, we believe that several uncertainties could have arisen from model structure, parameter estimations, and input datasets. Although we have intensively calibrated the DLEM simulation results against field scale observations, several uncertainties still exist in the calibration process. In croplands, we used crop yield as well as harvest index values from literature which may introduce some uncertainties in the calibration process. The field studies on belowground carbon pools were lacking and therefore our model validation is based on the aboveground biomass only. Currently, we have assumed only two irrigation scenarios in croplands. In the first scenario, irrigation is always applied once the water content is below the field capacity while in the second scenario irrigation is never applied in croplands. However, in real world irrigation application depends on the water availability and is not always applied immediately after water content comes below field capacity. The nitrogen fertilizer dataset in the grid format was generated using the nitrogen fertilizer application at state level, which is an improvement over the FAO datasets available at national level only. In the future, nitrogen fertilizer dataset can further be improved using district level fertilizer statistics. One of the biggest uncertainties existed in the availability of field data on factorial effects of several environmental changes (elevated CO 2 concentration, NDEP, and tropospheric O 3 pollution) on changes in the NPP in forests, grasslands, and shrublands. In tropical ecosystems, phosphorus limitation can affect NPP, which was lacking in the current version of the DLEM. In this way, the DLEM might have ignored few divergences in the NPP due to phosphorus limitation especially in the highly weathered soils, which are distributed in the southern parts of India.
Conclusions
Using the DLEM simulations, we have shown that Indian terrestrial NPP ranged from 1.2 to 1.7 Pg C year ) and the effect is slightly higher in croplands (7.4 %) than other biomes in the 2000s thereby suggesting that tropospheric O 3 pollution is a threat to Indian food security. We believe that future efforts on the field scale studies focusing on multi-factorial/multi-treatment manipulations would be useful asset for development, calibration and evaluation of process-based ecosystem models.
